This report is a rev ie w of the procedures and equipm e nt used in the preparation of polyniers of predi ctabl e molec ular weights and narrow mol ec ular weight di stributions. The monomers con sidered in detai l are styre ne, a-methyl styre ne, iso pre ne , and butadiene.
Organometallic actuated addition polymerizations of unsaturated compounds (vinyl, diene, etc.) in hydrocarbon and ether media have received considerable attention. Many of these polymerizations are unu s ual in that spontaneous termination is avoidable through the judicious choice of experi mental condition s; a I feature first fully appreciated by Szwarc [1, 2) .1 Of considerable experimental value is the fact that the deactivation of these "living" polymercarbanions may be accomplis hed at the leisure of the experimenter by the selective addition of a reagent sui ted to meet a particular need. This retention of chain-end activity is a feature that facilitates inv es ti gations of the thermodynamics of polymerization processes, simplifi es studies of polymerization kine ti cs, and permits synthesis of novel macromolecules.
These systems can therefore consist of active chain s which will continue to incorporate monom er until monomer depletion is accomplished. He nce, if each center of propagation is afforded equal opportunity of growth, the resulting produc t will possess a homogeneous molecular weight [3] . As a r es ult , many . studies of homogeneous anionic polymerization have had as a foremost goal the synthesis of polymers of predictable molecular weight and predeterminable molecular weight di s tribution s_ Obviously, this goal c an only be attain ed in the absence of any constituent capable of reacting with these carbanions, e.g., acids, alcohols, 'or the usual atmospheric components.
The general case of a termination-free system received treatment by Flory [3] , who showed that the growth of a fixed number of active chains leads to molecular weight distributions approaching monodispersity, i.e., the Poisson distribution. These molecular weight distributions may be represented by the Poisson fun ction, K=1,2,3 ,4, . . . where W(K, X lIo ) denotes the weight fraction of Kmer s residing in a mixture of chains of number average chain length Xno' For these systems, the weight-tonumber average chain length ratio is given as:
Such distributions have not been achieved, or even approached, until quite recently with monomers such as s tyrene [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , O'-methylstyrene [16, 17] , isoprene [18] [19] [20] [21] , and butadiene [21 -24] . This was due principally to various factors which combined to veil the true possibilities of these systems. These factors included the presence of impurities or solvents which could terminate or transfer with the growing chains, a slow initiation reaction, a depropagation step (equilibrium polymerization) or the presence of interchange reactions between polymer chains. The latter two phenomena are encountered in the polymerization of cyclic siloxanes [25, 26] .
Hence, the fulfillment of the following conditions is necessary if precise control over molecular weight and molecular weight distribution is to be achieved: (a) rigorous exclusion of substances capable of causing termination or transfer; (b) uniformity of reaction conditions with regard to temperature and concentration of reactants; (c) a high ratio of the apparent initiation to propagation rates ; and (d) the absence of depropagation steps and bond interchange reactions.
In view of increasing interest in the study of bulk and solution properties of polymers with narrow distributions of molecular weights, as well as those of precisely constructed copolymers and "star" macromolecules, the purpose of this communication is to review the techniques by which the preparation of these polymers may be achieved. Results from various laboratories have indicated that the high-vacuum technique provides the most reliable method for the successful attainment of these goals. As will be discussed later, among those who have realized the potential of these tephniques have been Bywater and Worsfold, Wenger, Szwarc, Rempp, and Morton. The monomers considered herein are styrene, amethylstyrene, isoprene, and butadiene. The polymerization initiators described are the isomers of butyllithium. These monofunctional initiators provide several advantages over the electron transfer initiators, e.g., sodium biphenyl or sodium naphthalene. Addition of an electron transfer initiator to an ether solution of monomer results in the formation of an ion-radical [1, 2] which eventually undergoes a combination reaction with the resultant generation of a polymeric species possessing a carbanion at each end. In preparing the difunctional species, the accidental deactivation of a fraction of the carbanions will result in a bimodal molecular weight distribution [5, 7, 16] , i.e., the material will possess a portion that will have onehalf the molecular weight of the remaining polymer.
For the case of the polymerization of styrene in an ether such as tetrahydrofuran (THF), complications arise as a consequence of the rapidity of the propagation reaction [27, 28] . In order to maintain homogeneous reaction conditions , it is necessary to add monomer very slowly, either by distillation or dropwise addition, to a rapidly agitated solution. The presence of trace impurities in the monomer will cause a broadening of the molecular weight distribution because of continuous termination of chain ends throughout the duration of the polymerization. This assumes a constant rate of replenishment of any impurity. Szwarc has shown [29] that when an anion deactivator is present in the monomer at concentrations sufficient to annihilate the entire initial polymercarbanion population by the time the monomer supply is exhausted, the resultant sample will possess the "most probable" molecular weight distribution.
~
The monofunctional organolithium-initiated polymerization of styrene and other monomers in hydrocarbon media offers several distinct advantages over reactions carried out in tetrahydrofuran. The slow propagation rates [30] permit the addition of the monomer to the solvent-initiator solution in a batchwise 1 fashion. Hence, any impurities will react on mixing with the initiator. If a fraction of the total initiator is destroyed, the molecular weight distribution will not be broadened, although an increase in the molecular weight will occur. The effect on the distribution of a slow termination reaction, comparable in speed to the comsumption of monomer, has received consideration by Coleman et aI., [31] . Fortunately, for certain -;; monomers the occurrence of such reactions is avoidable through the proper selection of solvent and by the application of the procedures to be outlined shortly.
Experimental Techniques

. High Vacuum Apparatus
A high vacuum apparatus, figure 1, permits the attainment of the rigorous experimental conditions necessary to prevent the termination of a reaction by the presence of contaminants. Therefore, all monomer and solvent purifications and polymerizations are carried out on the vacuum line, or in sealed evacuated vessels. The vacuum apparatus is composed of an t oil pump (1) working in concert with a mercury diffusion pump (2). In a leak-free system pressures in the range of 10-5 to 10 -6 mm Hg are obtainable. A liquid nitrogen trap (3) is used to condense any condensable gases so that the pressure registere·d on the McLeod gage (4) is exclusively that of noncondensable species. The nitrogen trap also prevents the passing of mercury vapor from the diffusion pump into the main manifold (5). FIGURE 
High vacuum apparatus .
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The press ure release (6) is a tube over 76 c m in le ngth with one e nd connected to the vacuum appara-.. tus and the other end submerged in a mercury poo l.
When s ub stances with low boiling points, e .g., but adi e ne, ethylene oxide, etc., are used in vac uum sys te ms I there exists the possibility that press ure may build up to the point of fracturing the apparatus or bJow in O" temporarily attached pieces of equipment off the lin e~
The purpose of the pressure release is to reli eve s uc h " pressure in the apparatus and s till maintain a n airti ght system. Furthermore, th e fall of the merc ury column provide s a vis ual indication of the onse t of , such a pressure increase.
a . The Main Manifald
' " A manifold of this type co nsists of a 4 to 6 c m di a meter section of Pyrex glass tubing, clamped in place on a me tal supportin g frame. The vacuum stopcoc ks connec ting th e main ma nifold to the secondary one possess s topper bores of 6 to 10 mm. The s topcoc ks placed in the secondary m anifold are those with 4 mm stopper bores. The connectin g tubes of th e second ary manif?ld are .m~de of 12 mm diam heavy wall Pyrex tubin g, sIn ce thI S IS about th e larges t size of glass tubin " that is practical in constructin g a large and ri gid pi:ce of apparatus where proper a nn ealin g is im prac ti cal.
Apiezon N hydrocarbon grease is reco mm ended for use in the main manifold whereas sili co n O"rease s hould be used in the seco ndary manifold s to~coc k s si nce this lubricant is hi ghly res is ta nt to the passage of e ther and hydrocarbon vapors. After the application of grease to a stopcoc k, the sys te m s hould be pumped for several hours in order to remove trace a mo unts of moi sture from the freshly applied grease. Graduated cylinders (7) are used to meas ure out approximate amounts of solve nt or monom er prior to fi!1al collection_ These pieces of equipment may eI~her be permane ntly attached to the line or equipped wIth gro und glass joints for te mporary placeme nt.
The e ntran ce s topcock (8) of the McLeod gage to the vac uum line is located so as to regis ter press ure on eith e r side of the nitrogen trap. Durin g the earl y stages of e vac uation readings take n be tween the cold trap and the manifold will indicate a lower pressure . than will measure me nts made directly from th e mani-. fold. This dis p arity is due to tht' removal of cond e nsable gas in the nitroge n trap. He nce the readinas re ferred to herein are those registered directly fro~ the main manifold.
General High Vacuum Techniques and Equipment
All reac tors and ampoules are constru cte d from Pyrex glassware . Prior to assembly of th e equipm e nt , the glassware should be cleaned with ei ther cleaninIY solution or hydrofluori c acid, rin sed with a dilute solu~ tion of sodium hydroxid e, was hed with dis tilled wate r and dried . ' After construction of the equipme nt , th e glassware is evac uated on th e vacuum lin e and tested with a T esla coil for leaks. When it is ascertained that the apparatus is stru c turally sound , the glassware is heated , with a handtorch adjusted to giv e a soft blu e flam e, until the yellow sodium flam e is give n off from the glass s urface. Th e glassware during thi s heatin g period is continuo usly bein g evac ua ted. Intermittent ? eating is co ntinued until a press ure of ~ 10-6 mm Hg IS recorded on the McLeod gage. Th e purpose of thi s treatment is to remove the adsorbed gas and water film whi c h are present on th e surface of the glassware.
Rupturin g the breakseals is acco mplish ed with th e aid of an iron nail e nclosed in a glass e nvelope. The g~a ss jacket is made from tubing of the appropriate dIam eter rounded off a t one end. The nail is put in place with either glass wool or asbestos fibers to pac k it solidly in place. A constriction is then placed above the nail and the tube sealed onto a manifold for eventual evac uation. After thorough evacuation is acco mplished, the nail is sealed off and the end of th e envelope rounded off.
a. Distillation and Degassing Procedures for Liquids in a Vacuum System
In the absence of appreciabl e amounts of noncondensable gases, transfer of volatile materials to a cooled zone is rapidly effected. However, in the presence of eve n s mall amounts of noncondensable gases, the diffusion of co nden sable materials is impeded_ It is therefore necessary to maintain the pressure below -10 -3 mm Hg in order to c arry out transfer of conde nsable materials at a practical rate_ Thu s, it is quite important to exhaustively degas all liquids prior to any s ub sequent operation, suc h as di stillati on, dryi ng, and collection_
The removal of air is carried out as follows_ The flask containing the liquid to be degassed is connected to th e vacuum lin e and cooled until frozen_ An appropriate cooling bath suc h as liquid nitrogen or a dry-icealcohol mixture is used , de pendin g on the freezing point of the liquid being degassed_ When the s ubstance is frozen, the flask is evacuated by opening the stopcock between it and the vacuum line_ After approximately 5 min , the flask is isolated from th e vacuum line and th e frozen material warmed to room temperature. T o expedite melting, the flask may be s ubm erged in an alco hol bath. The freez ing and thawing cycle is repeated until the press ure registered on the McLeod gage is of the order of 10-5 mm Hg with the material in the frozen state. The material is then conside red degassed and is ready for subsequ e nt treatm ent. A s upple m entary di sc ussion on the distillation and collection of liquid hydrocarbon s can be found elsewhere [32] .
b. Preparation of Sodium Mirrors
F or use as a drying age nt for trace quantItIes of moisture, a thin sodium mirror is advantageous. This mode of drying is not to be confused with th e us ual ritual of dryin g organi c liquids with large lumps of sodium, which in th e us ual course of events all too soon accumulate a coating of oxide and hydroxide _ Th ese mirrors are readily prepared on a hi gh vacuum line as follows. Approximately l/S to Ij4 g of dry sodium me tal (not kept under mineral oil) is placed in a flask, whic h may be of any size up to 1 to 2 lite rs capacit y, and connected to the vacuum lin e. The flask is evacuated until a press ure of 10 -4 mm H g or less is ob tain ed. FIGURE 
Solvent purification apparatus.
While s till bei n g evacuated, a s mall area at the bottom of the fla sk is gently and intermittently heated with a I small , soft flame from a hand torc h until the metal A begins to melt. The metal will then vaporize to form the mirror. Excess heating may cause the flas k to crac k. Once the mirror is formed, evac uation is contin ued until the fl as k has cooled to room te mperature. Then the liquid to b e dried is di stilled onto th e so.dium ,film h · IOdn ce t. he Ifi q Ulh 'd isdin co?tac.t witdh the .1 mlfror, It s ou receIve urt er egas smg m or er to .~ re move a ny hydrogen formed by the reaction of moisture with sodium. Exposure to two or three mirrors is usually s ufficie nt to ens ure dryn ess .
c. Preparation of Sodium-Potassium Alloy
Th e alloy of sodium and potassium is prepared in a fla sk (R) as noted in fi gur e 3. Approximately equal parts by weight of the two alkali metals are used in the pre paration. The use of thi s ratio ensures the exis tence of the alloy in the liquid state at room te mperature. In thi s form it serves as a very efficient drying agent for hydrocarbon solvents. The total weighi of the two metals need not exceed 1 g.
The sodium used in this preparation should be as free as poss ible from hydroxide. The mineral oil is ' removed from the potassium by rinsing the metal in dry b enzen e or tolue ne . The rinsed lumps must b e covered by solve nt at all times during handlin g and tran sfer.
Following the placing of the flask contain~!lg the f two alkali me tals, the covering solvent and a stirring bar on the vacuum line, the appa:ratus is then carefull y evac uated and the covering solvent distilled off and allowed to collect in a second flask cooled by a ' dry-ice-alcohol mixture . After the attainment of a good vacuum (-10-5 mm Hg) , the flask is gently heated with a soft flam e from the gas torc h until the liquid alloy is formed. The glass-e nclos ed stirring bar is held against the side of th e flas k until the alloy cools to roo m te mperature. Extreme care mu st be exercised during the heating operation since a crack in the flas k would result in s pontaneo us ignition of th e alloy.
I A consequence of this c haracteristic is that a fla s k , containing t he alloy s hould never be allowed to lo se ·~ its vacuum unless the alloy is covered with solvent. In this condition , the flask can be removed from the vacuum lin e for th e decomposition of the re sidual alloy. The fl as k sho uld be placed in a hood and the alloy des troye d by the addition of cold (dry-ice temperature) isopropyl alcohol. The reaction must be monitored until the decomposition is complete:
d . Preparation of Organolithium Purge Ampoule
Th e final step in th e purification of hydrocarbon solve nts and of diene and vinyl monomers is exposure to an organolithium. Butyllithium is used exce pt for styre ne. Fluorenyllithium is used for this mono-424 L mer. A flask is cons tructed with a sidearm constriction, to which is added an ampoule of organolithium. "-The apparatus is placed on the vacuum line and evacuated. The solution of organolithium is added to the flask by rupturing the breakseal. Th e solvent is I then distilled away. Exposure of either solvent or monomer to the organolithium ensures e radication of the final vestige of any polymerization terminating impurity.
Preparation of Mate ria ls
From a practical standpoint it is necessary to delineate what is meant by pure materials. Weare concerned with the removal from the various re action ( compon ents of any material capable either of carbanion deactivation or of influe n cing the reaction pattern · of the polymerization. Th e exclusion of this latter class of impurities, e.g., polar compounds , is of importance in the polymerization of dienes since the intrusion of even trace amounts of certain polar species can alter the microstructure of the polydienes.
Solvent Purification
This ether is stored over fin ely gro und calcium hydride and st irred for several days on th e vacuum line ( fig. 3 ). After degassing, the e ther is di stilled, with th e aid of a dry-ice-alcohol bath, over a s uccession of sodium mirrors (F) until th e e th e r produ ces no vi sible degradation of the mirror at room te mperature. The I ether is again degassed and s ub sequently distilled into a flask (R), us ually of one liter capacity, co ntainin g approxi mately one-quarter gram of biphenyl or naphth alen e and one-half to one gram of sodium or potassi um. The addition of th e e th er to the alkali metal and the organic aromatic sp ecie s soon results in the formation of a dark blue (biph en yl) or dark green (naphthalene) solution. The excess alkali metal is necessary to e nsure complete conversion of the aromati c to the co mplex since any unreacted aromatic .. will sublim e in subs equent di stilla tion s of the ether.
When naphthalene is used , a dark red color may eve ntually develop in the solu ti on. Thi s is du e to the reaction be twee n the alkali me tal naphthalene and an isome r of dihydronaphthalene [33] . Either 1,2· or 1,4-dih ydronaphth alene ma y be ge nerated by the reacti on of water with the alkali me tal naphth a le ne compl ex. Th e 1,2 -isomer will polymerize to give an inso lubl e low molecular weight product while the 1,4-form will react with the alk ali metal naphthalene but will not polym erize [34] .
Meas ured qu a ntiti es of ether can be flash-distilled a8 neede d into an appropriately evacuated, calibrated , and weighed ampoule (A). The collection ampoule may be giv e n a thin sodium film in order to ensure dryness. Shielding the collec ted et her from any ultraviolet radiant-e nergy so urce, including s unlight , should be practiced as a precaution against peroxide formation and other deleterious side reactions. This can bes t be accomplished by storing the ampoules in the refrigerator. Other ethers (dioxane, methyltetra-;' ,),drofuran, ethyl e the r , etc.) can be processed by this proce dure. b. Benzene This solvent is stored over sulfuric acid, with stirring, for at least one week. The material is then placed on the vacuum line ( fig. 3 ) and degassed. The liquid is then distilled to flask (R) whic h contains the alloy of sodium and potassium. Stirring is then commenced and continued for 24 hr. After degassing, portions are distilled to a sodium mirror (F). From flask (F), the benzene can then be distilled to a flask containing butyllithium. The residence time of the benzene with the butyllithium is usually of several hours duration. Then measured quantities are collected in ampoule (A), as needed, or distilled directly into a reactor. c. Toluene Toluene is processed in a fashion s imilar to that used for benzene. The only difference is the deletion of the exposure to s ulfuric acid. In its stead, the solvent is exposed to lithium alluminum hydride prior to treatm ent on the alkali metal alloy.
d. n-Hexane
The purification process for n-hexane is identical to that of benzene.
Monomer Purification a . Styrene
Styrene is purified in a vacuum apparatus as follows. A flask (A), figure 4, is prepared containing a slurry of finely ground calci um hydride in styrene. The mixture is then throroughly pumped and degassed.
The contents (~ 100 to 150 cm 3 ) are then agitated by a magnetic stirrer for several days with periodic degassing. During this period, the viscosity of the mixture will increase slightly, indicative of the formation of a small amount of low molecular weight polymer. At the end of this treatment the styrene is distilled through the manifold into a chain flask where the monomer is circulated through a sodium coated bulk (B) and condensed in flask (D) by a dry-iceisopropanol mixture. The sodium-coated bulb is formed by placing approximately 0.1 g of sodium into the side arm of the flask and gently melting the alkali metal. The metal vapor will then condense on the upper portion of the chain flask. This mode of monomer purification was developed by Hall [8] and Meier [22] . The monomer is then distilled into several additional flasks prior to its final collection. Exposure to a minimum of three flasks is recommended. This procedure has proved to be adequate for reducing contaminants to low levels. However, if desired, the monomer may also be exposed to fluorenyllithium prior to final collection. Unlike butyllithium, this organolithium will not react with styrene [35] . Care must be exercised in the final collection step to ensure that residual fluorene does not sublim e into the collection ampoule. This can be circumvented by distilling the monomer into a chain flask prior to the final collection.
b. a-Methylstyrene
This monomer can be purified by procedures similar to those used for styrene. Polymer formation during purification is negligible due to the low ceiling tem- Isoprene This diene lends itself to ready purification with the use of a high vacuum manifold as depicted in figure 5 .
The monomer is exposed in flask (R) to calcium hy-'< dride and stirred for 24 hr. The monomer is then degassed , with nitrogen used to freeze the monomer. The monomer is flash-distilled three times to flasks (F) ( which are coated with freshly sublimed sodium. The first distillation removes, as it does with the other monomers , any inhibitor. The monomer is then ex-I posed to butyllithium at room temperature for 15 min 1 or so. Finally, designated quantities of monomer are collected in ampoules (A), where final degassing is accomplished. The ampoules are sealed off, weighed, and stored at -0 °C until used.
d. Butadiene
The section of the manifold used is fitted with a mercury column pressure release (P), as depicted in I figure 5 . The drying procedure is identical to that of isoprene. Due to the low boiling point (-4.4 °C) of butadiene, it is necessary to maintain the temperature at a low le vel with a dry-ice-alcohol bath.
Preparation of Organolithiums a. n-Butyllithium
The apparatus used to prepare n-butyllithium is illustrated in figure 6 . An amount of di-n-butylmercury sufficient to make up a one molar solution of organolithium is placed in a clean dry flask fitted with ~ a standard-taper joint vacuum connection and a breakable seal. After the flask is degassed , dry nhexane (50-75 ml) is distilled in, the contents are again degassed, and the flask is sealed off. This ampoule (S) is then sealed to the apparatus (R) as illustrated in figure 6 . Lithium ribbon or wire with 
an open side arm; (P) is then sealed off. After pump· ing to high vacuum, 50 cm 3 or so of anhydrous hexa ne is distilled into (R) and degassed. After degassing, the apparatus is removed from the vacuum lin e and the contents of the flask (R) are s tirre d for several hours. The resultant solution of petrolatum in hexane is then decanted through a glass wool plug to (W). ( Clean hexane is then distilled back to (R) and the cycle repeated until the lithium surface is cleaned and all soluble residue removed from flas k (R). F lask (W) is then removed by sealing off. The di·n-butylmerc ury-hexane mixture is then added to th e lithium in (R) and stirring commenced at room temperature.
S At the e nd of the reaction period, us ually of several I week's duration, the n-butyllithium-hexane solution is transferred to (B) through a medium porosity fritted glass disk (F). (R) is rin sed several tim es by back·di stillation in order to e ns ure a clean tran sfer. The content of (B) is divid ed into several ampoules havin g breakable seals. Analysis is mad e according to th e me thod of Gilman [36, 37] .
b. Isomers of Butyllithium
A vacuum modifi cat ion of the me thod reported by Telalaeva and Kocheskov [38] is used for the preparation of th e re maining isom ers of butyllithium. The appropriate organo·chloride or bromide (sec-butyl, iso·butyl, or t-butyl) is placed under vacuum in a man· ne r similar to that of th e di-n-butylmercury. R eac tion progress is accompanied by th e formation of the lithium halide. After co mpl e tion , the slurry is filt ered and th e solution collec ted in fla s k (B). Thi s procedure has also bee n use d by Hall [8] for the preparation of ethyllithium. c. Fluorenyllithium The preparation of fluorenyllithium for monomer purification is a modification of procedures presented elsewhere [39] . A reac tion ampoule is constructed to which is attached a breakseal and a sidearm constriction. Attached to the sidearm constriction is an ampoule of n-butyllithium. The amount of fluorene added is always in slight excess ( -5 mole %) of the added n-butyllithium. After thorough evacuation, about 75 cm 3 of dry benze ne is distilled into the reactor and the reaction allowed to proceed until completion. Complete conversion of th~ n-butyllithinm must be accomplished since any residual organolithium will react with styrene. After completion of the reaction, the fluorenyllithium is divided into ampoules for use.
d . Polyorganolithium "Seed" Preparation
It is now recognized [30, [40] [41] [42] [43] [44] [45] [46] [47] [48] that the reaction between organolithiums and unsaturated monomers is a relatively sluggish process in hydrocarbon media.
It should be remembered that initiation is a one-step reac tion wh ereas the growth of a chain involves a large number of co nsec utive addition steps. Hence, even if the individual initiation is somewhat slower than the individual propagation reaction, the actual formation of a chain may take considerably longer than the tim e required for complete initiation. However, if the initiation reac tion is two or three orders of magnitude slower than propagation, then the two processes may become competitive.
The slowness of the initiation reaction results in a process in which the kinetics of initiation and propagation become rather complex [41] [42] [43] [44] [45] [46] . The deciphering of the order of the initiation reaction in organolithium for these polymerizations has thus far proved to be highly troublesome. From a synthesis viewpoint, the simultaneous occurrence of the two reaction steps lead to relatively broad molecular weight distributions (Mw/Mn 1.3-1.4) [49, 50] . This complex behavior results from, in part, the ability of the initiating organolithium to form associated species with itself [51] as well as with polymer-lithium [52] . Kinetic [30, [40] [41] [42] [43] [44] [45] [46] [47] [48] 53 -55] and molec ular weight meas urements [47, [52] [53] [54] [55] [56] [57] indicate that the various organolithium species participating in initiation and propagation form diverse associated species. The unambiguous assignment of the kin e tic orders of the various processes and the elucidation of the association states of the various species and the nature of the reactive species, remain inco mplete. 2 The effect of slow initiation can be partially circ umvented by using a two-stage polymerization method, i.e., a "seeding" technique. In this procedure, a small quantity of monomer and solvent are mixed in an ampoule with an appropriate amount of the initiating organolithium. The low molecular weight polyorganolithium is formed under conditions that are not practicable or convenient for the preparation of the high molecular weight polymer.
For the preparation of low molecular weight poly-_ styryllithium, styrene (in benzene) is mixed with n-butyllithium and the reaction permitted to proceed at approximately 30°C for 12 hr or so. It has been determined [30] that for co mplete conversion of n-butyllithium to polystyryllithium, the following must hold, This relation is valid since each of the monofunctional InItIating organolithium molecules generates one polymer chain. The relatively broad distribution of the "seed" polystyryllithium is overshadowed by the great excess of additional polymerization where all growing chains have equal probability of growth.
It should be mentioned that polystyryllithium In benzene undergoes a slow isomerization reaction at elevated ( ~ 75°C) temperatures [58]. This reaction was first noted by Szwarc [59] and co·workers for polystyrylsodium in tetrahydrofuran. Thus the "seed" preparation, as well as the polymerization reaction, should be accomplished at relatively mild temperatures.
The preparation of the polyisoprenyllithium "seed" can be carried out in a manner similar to that used for polystyryllithium. For this procedure n·hexane is used as the solvent. Complete conversion of n·butyl-lithium to polyisoprenyllithium can be accomplished as follows [42] . A solution of n·hexane and isoprene is made with an isoprene concen tration of ~ 8 moles liter -I. This is then mixed with an appropriate amount of n-butyllithium to yield a polymer with a number average molecular weight of ~ 10,000. The reaction is carried out at a temperature of ° 0c. This relatively mild temperature is used since the apparent e nergy of activation for initiation ( ~ 18 kg cal) has been found to be lower than for propagation ( ~ 22 kg cal) [40, 42] . These values lack their usual physical significance since they contain contributions from the heats of dissociation of the alkyllithium, polyisoprenyllithium, and the cross-associated species. Therefore, the initiation efficiency is found to increase at lower temperatures [42] . This is convenient from an experimental point of view, since it permits working at high monomer and initiator levels without fear of the exoth e rm becoming uncontrollable.
These condition s may also be applied for the formation of polybutadienyllithium. Evidence exists [40, 41] that the rate of initiation of butadiene is faster than that of isoprene under identical conditions. This, coupled with the fact that the apparent rate of propagation for butadiene is less than that of isoprene, greatly e nhances the quantitative conversion of the n-butyllithium to polybutadienyllithium under the conditions outlin ed above.
It is of interest to record that the preparation of these low molecular weight polymeric-lithi ums free from unreacted initiating organolithium, is facilitated by the substitution of sec-, iso-, or t-butyllithium for n-butyllithium. Kuntz [46] and Hsieh [41] have noted that these isomers are more efficient in initiating isoprene and butadiene than is n-butyllithium. Although no truly quantitative st udy of the relative apparent rates of initiation of these various isomers of butyllithium is currently available, the indication does exist that under the conditions outlined herein, replacement of n-butyllithium with one of tne other isomers will result in a faster and more efficient "seed" preparation. The enhanced initiation rates appear to c FIGURE 7 . Apparatus fo r subdivision of initiator solution.
be due, in part, to the lower degrees of self-association exhibited by these isomers of butyllithium [60].
After com pletion of the "seed" preparation, the flask (B) containin g the solution is sealed onto a manifold containing approximately 10 ampoules, as shown in figure 7 . The manifold is then connected to the high-vacuum apparatus, evac uated , leak-tested, and flamed. After removal from the high-vacuum line by sealing the manifold off at the constriction (A), the break seal of the "seed" solution is ruptured thus permitting the mixture to flow into the breakseal ampoules. Flask (B) is removed by sealing it off at the constriction >, which has been rinsed by refluxing solvent. The manifold is th en inverted so that a uniform solution in all of the ampoules is achieved. The manifold is then allowed to stand for approximately 24 hr in order that each constriction has sufficient time to drain free of residual polymer. The refluxing of solvent onto the I constrictions is not recommended si nce distillation t of solvent among the ampoules will cause fluctuations in the lithium concentration. The same procedure is used for the dilution of the initiatIng organolithiums.
The determination of the lithium content is carried out as follows. The volume of solution in the 12 mm diamater sealed breakseal tubes is estimated by a co mparison with a similar tube which is calibrated in 1 ml increments. A more accurate measure can be obtained, after use of the solution, by titration of the used ampoule by means of a 10 ml micro-buret. After the volume of the sample is determined, the decomposed , organolithium is titrated with either 0.01 N or 0.1 N hydrochloric acid to a phenolphthalein end point. For the polymeric-lithium, the titration is carried out in a neutralized solution (1/1 by volume) of methanol and water. This prevents the coagulated polymer from absorbing either indicator or lithium hydroxide. Two ampoules from each batch are titrated in this manner to determine the lithium content per cubic ce ntim eter of solution. It is also recommended that the Gilman double titration procedure [36, 37] be employed on occasion to ascertain the concentration of noninitiating lithium compounds in solution.
Polymerization Procedures
The procedures outlined in the following will apply, in the main, to all of the monomers covered herein. Where applicable, the necessary variations will be listed in the appropriate place. To perform an experiment, the various ampoules are sealed onto a reactor, figure 8 , in such a manner that the separate components can be conveniently added to the reaction mixture while maintaining a closed system. A vacuum line (V) consisting of a standard-taper ground-glass joint at one end and a constriction at the other is also attached to the reactor vessel in a position that will evenly support the weight of the reactor. The vacuum line is the sole connection and, in many instances, the only support holding the reactor to the vacuum system. It is therefore imperative that the weight of the reactor and its components be well balanced. The respective ampoules pictured contain monomer (M), solvent (5), initiator (I), and terminator (T). A glass wool plug, previously washed with THF, is placed above the constriction of ampoule (5) to provide a filter for any sodium particles which might be carried from the mirror on which the solvent is stored. For most cases the terminator may consist of several drops of welldegassed water or methanol. Sampling ampoules (1) and (2) may be added to (R) if desired.
Once the reactor is assembled as shown in figure 8 , it is connected to the high-vacuum apparatus by means ~ of the ground-glass joint on the vacuum tube and evacuated. After several minutes, the reactor is tested with a Tesla coil for pinholes or cracks, especially in the area where the component parts are sealed on.
If no pinholes are found, or after those that are found are sealed, the reactor is evacuated until a pressure of 10-6 mm Hg is obtained. All of the glass surfaces, except the ampoules containing the reaction ingredients, are flamed strongly with a yellow-blue flame from a hand torch. The reactor is continuously under evacuation during this procedure. After 1 hr or so the vacuum is again checked, and if a pressure of 10-6 mm Hg is obtained, the reactor is sealed off from the high-vacuum line at the constriction.
Prior to the addition of the reactants, the reactor is purged, on occasion, by an additional ampoule of dilute butyllithium. This solution is removed in ampoule (1).
This procedure is used when very large reactors and small initiator charges are employed. However, care must be taken to thoroughly rinse the system free from any traces of the purge catalyst. Fluorenyllithium may also be used as a purge organolithium.
The solvent and initiator are introduced and the initiator ampoule is rinsed by refluxing solvent. The mixture is then allowed to come to the desired reaction temperature and the monomer is added. The monomer generally comprises from 10 to 20 percent by volume, with 5 to 20 g being a typical charge. All empty ampoules are then removed by sealing off at the respective constrictions. The exac t volume of initiator used can then be determined by sealing the ruptured breakseal and titrating to the previously applied mark. If desired, samples may be removed at (2) in order to analyze for the active lithium content of the solution by means of the Gilman double titration. Ampoule (C) contains a THF solution of benzyl chloride, allyl bromide, or 1,2-dibromoethane used in this analysis.
For the styrene polymerization (in benzene or toluene), a procedure may be used which can circumvent the slow initiation reaction. Several workers [22, 61] have investigated the effect of small quantities of tetrahydrofuran on the initiation and propagation reactions of styrene in benzene. It was noted that with small concentrations of the ether ([THF] = [BuLi]), the initiation reaction becomes very rapid, i.e., too fast to be measured by-the optical methods usually used [30, 61] in studies of this system. These characteristics are of value from a synthesis standpoint since it is possible now to prepare samples of monodisperse, low molecular weight (~1000) polystyrene [14, 62] . The propagation reaction changes its rate in a rather complex fashion with variations in the THF concentration at a constan t concentration of butyllithium. These results [22, 61] have been tentatively explained on the basis of solvation of the active species with the ether. It would appear that the changes in carbanion reactivity are due to the formation of peripherally solvated and solvent-separated ion-pairs. This change in reactivity is a further demonstration of the sensitivity and susceptibility of carbanions to subtle environmental changes.
The use of the ether in the concentration mentioned above eliminates the relatively long period of initiation but does not appreciably alter the rate of the propagation reaction [22, 61] . This results in an easily controllable polymerization in benzene at moderate ( ~ 30°C) temperatures. Also, this low ratio of ether to organolithium rules out the possibility of any extensive reaction between THF and the organolithium [8, 63, 64] .
In this procedure the measured quantity of ether is added immediately after the addition of monomer. The solution will then turn bright red within several seconds. Only small amounts of ether are required, i.e., [THF]/[BuLi] = 1 to 10. After thorough mixing, the polymerization is allowed to proceed at the desired temperature (0 to 30°C). Depending upon temperature, initiator concentration, and ether concentration, complete conversion can be attained from 15 min to 8 hr.
Atactic polystyrene is prepared [65] under the conditions outlined above. It has been reported [66] [67] [68] that polystyrene resulting from organolithiuminitiated polymerizations in nonpolar solvents (toluene) at low (-20 to -40°C) temperatures contains a substantial fraction of crystallizable polymer. The presence of any polar material prevents stereoregularity. The crystallizable portion has been identified as isotactic material. It was shown [69] that the formation of the isotactic material was due entirely to the presence of lithium hydroxide, the formation of which was due to the presence of moisture in the reaction mixture. Polystyrene prepared under anhydrous conditions is predominately syndiotactic [69] . Elevation of the reaction temperature above 0 °C results in the production of atactic material.
In connection with this point, it has been reported [70] that the presence of lithium methoxide in the n-butyllithiym-initiated polymerization of methyl methacrylate enhances the rate of propagation, increases slightly the amount of isotactic polymer, and facilitates the formation of high molecular weight material. The presence of lithium ethoxide or lithium butoxide increases the rate of initiation of isoprene [42, 47] . A possible explanation for this is given by Brown [71] . Brown has shown that lithium ethoxide forms a soluble complex with ethyllithium, presumably through the unshared pair of electrons on the oxygen atom. It is therefore possible that these lithium salts can associate or complex with the normal organolithium ion-pair. Their presence may also promote the dissociation of the associated organolithium, as do traces of ethers. In any case, the infiltration of these lithium salts can alter the reactivity of an active organolithium and influence the mode of monomer addition. These findings emphasize the necessity of obtaining a stringently pure system and of maintaining a static reaction environment.
The polymerization of a-methylstyrene is carried out in tetrahydrofuran at -78°C. This low temperature is necessary since the formation -of high polymer is thermodynamically unfavorable at higher temperatures [72, 73] . Mixing and initiation are carried out at room temperature. At this temperature, initiation will occur without the formation of high polymer. The n-butyllithium should be added to the monomer-ether solution in order to retard the reaction [63] hetween the ether and the organolithium. The reactor is then placed in a dry-ice-alcohol bath and the contents swirled for 10 min or so while the mixture is cooling. Complete conversion usually occurs in 24 hr [74] .
The polymerization of dienes is readily accomplished in hexane at temperatures ranging from 0 to 30°C. The use of THF to circumvent the "seed" preparation is avoided since the microstructure of these dienes is altered by trace amounts of polar compound [47, 56, 57, 75] .
Polyisoprene prepared in pure hydrocarbon media is structurally a close counterpart to Hevea rubber. The cis-l,4 enchainment is enhanced if the organolithium concentration is of the order of 10-3 to 10-4 moles liter-1 and the reaction temperature remains in the vicinity of 0 °C [75] . Under these conditions, several days are necessary for the attainment of complete conversion. Poly butadiene microstructure appears to be moderately dependent on reaction temperature and initiator concentration [76, 77] . Generally a polymer with 10 percent vinyl, 40 percent cis-l,4, and 50 percent trans-l,4 content is obtained.
On termination of the polydienyllithium species, a marked decrease in solution viscosity will occur. This is due to the association which the active chain ends undergo [30, 47, [53] [54] [55] [56] [57] . It is advisable to maintain the samples under vacuum at ~ O°C so as not to impair their structural integrity.
In conjunction with this point, it is pertinent to note that a small amount of branched material, in contradistinction to the claims of others [23, 24] , is formed during the polymerization of butadiene [22, 56] . This appears to be due to the susceptibility of the vinyl group to attack by an organolithium. At high molecular weights (~10 6 ), gel has been observed [56] to form. This behavior is parallel to the branching and gelation enc'ountered in the sodium-or potassiuminitiated polymerization of butadiene [78] . The formation of branched material is retarded by carrying out the polymerization at 0 0C. At this temperature, at l~ast several days are necessary for complete conver- SIOn. The measurement of viscosity is a convenient mode of determining the molecular weight of polymers prepared by these homogeneous anionic polymerization techniques. Values for K and a for several polymer-solvent pairs have been published; polystyrene [13, 14] , poly-a-methylstyrene [17] , polyisoprene [20,] and polybutadiene [23, 24] .
The retention of chain end activity of these polyorganolithiums has many important ramifications from the standpoint of opporttmities ta synthesize polymers of nov el architecture, i.e. , branc hed macromolecules. Morton [79] and Wenge r [80,81] have s ynthesized trio and te tra-functional "star" macromolec ul es from linear monodisperse polystyrene joined at one e nd through a common junction. Similar s tar s pecies were created from polybutadiene [82] 3 Branched polymers of the "comb" type have also bee n synthesized by coupling polystyryllithium to a partially c hloromethylated polystyre ne bac kbon e [81] and by reacting acrylonitrile with poly-p-lithos tyre ne [83]. Ye n [IS] has us ed a te trahydrofuran solution of (l'-ph e nyl e thylpotass ium to pre pare virtually monodispers e polys tyre ne and star s pecies. Utilization of the polys tyrylpotassium carbanion res ults in a more efficient pre paration of a star macromol ec ule, ascribable , in part, to th e absence of any me tal-halo gen inte rconversion. Szwarc [84] has also outlined several ingeneous procedures by whi c h s tar-and co mbshaped polym e rs might be synthesized.
An additional consequ e nce of th ese sys te ms is that linear block copolymers can be prepared by the selected addition of monome r according to a preco nceived plan . After the co mple te conver sion of monom er A, monom er B is added to th e solution and polym erization again e nsu es. In this fas hion , precise control is afforded over the ' number, se qu e nce, and le ngth of the bloc ks . Polymers c an thu s be produ ced havin g bloc ks of elastomeric and nonelas tom e ri c segme nts.
An example of this type of polym e rization is the preparation of a polystyre ne-polyiso pre ne -polys tyre ne bloc k co polymer. A polymer with good elastomeric properties is obtained wh e n th e segme nt mol ec ular weights are about 10,000-SO,000-10,000. These elastomers exhibit the high gum tensile strength of at least 3S00 psi at an elongation of 1100 percent. The elastomeric properties of this composite macromolecule arise from the agglomeration of the glassy polystyrene segments. Hence, these aggregates act as cross-links.
Since parti cipation in the network by a c hain is de pe nde nt upon the dien e unit havin g polystyrene segme nts at each e nd , it is important that the initiation reac tion be acco mpli s hed as rapidly as possible. It is partic ularly important that no butyllithium be present at the cessation of the first styrene polymerization. The residual butyllithium would eventually react with iso pre ne and s ubse qu e ntly form an elastomerically in effe c tive c hain. The slow initiation s te p is eliminated by the addition of a te rtriary amin e or anisole in amounts equal to th e co nce ntration of butyllithium. Initiation is thus co mpleted in se ve ral minutes. The presence of either of these two co mponents does not alter, to any detectable degree, the diene microstructure [8S]. After depletion of the styrene, the desired amount of iso pren e is added and polym e rization again ensues. In hydrocarbon me dia, th e rate of reac tion of isoprene with a styryllithium polycarbanion is rapid [86] . H e nce no proble m s imilar to th e s low n-butyllithiummon omer reaction is e nco unte re d. Followin g the co mple te in corpora tion of th e di e ne, th e desired amount of s t yre ne is th e n added. Since th e r eaction of a di e nyllithium with st yre ne is a relatively slow process, th e addition of a trace amount of te trahydrofuran is desirable to expedite the crosso ve r step , In thi s fas hion it is possible to pre pare a copolym e r with virtually monodisperse segments of any d egree of polymerization. Butadiene can, of course, be used in lieu of isoprene. Copolymers with polybutadie ne as the interior segment have achieved commercial importance as thermoplastic elastomers. Table 1 lists some block copolymers. Man y of th ese copolymers we re prepared so as to co mpare th eir dyn a mi c mec hani cal prope rti es a nd th e rmal s tability with those of random co polym e rs and mec hanical ble nds of similar co mposition.
Th e selectiv e te rmination of th ese polycarbanions permits the introdu ction of s pecialized fun ctional gro ups at th e e nd s of th e c hain s. Wh e n the polym ers in qu estion possess two active sites, it is poss ible to form bifun ctional macro mol ec ul es whi c h may the n be applied to further sy nth e ti c work. The addition of carbon di oxid e to a solution of polycarbanion s ge nerates, after hydrolysis, c hain s with carboxyli c endgroups [97-100]. Carboxyl terminated polys tyre ne is obtained by reactin g the carbanion e nd s with s uccini c or phthalic anhydride [101] . Reaction with e thyle ne oxide introdu ces hydroxyli c e ndgroups [93,99 ,102] . Th e introduc tion of te rminal double bonds is e ffected by th e addition of allyl c hlorid e or allyl bromide to an e th e r solution of poly styryl sodium [101] . T e rminal primary amine e nd groups ca n also be added. This procedure co ns is ts of re actin g p-aminoethyl benzoate with polys tyrylsodium carbanions [103] . Mic hlers ketone also reac ts quantitativ ely with polystyrylsodium carbanions [104-lOS].
These polymeric species have been utilized in a variety of ways. For example, polybutadiene with two hydroxylic groups may be reacted with an appropriate coupling agent, e .g., a trifunctional isocyanate, to yield an elastomeric network. This procedure unveils possibilities for novel applications in casting and molding polymers. Solid rocket fuel binders are one example of cast elastomers.
Cyclohexadiene [106] may, under the appropriate conditions, be polymerized to yield monodisperse rubber. The polymerization of methyl me thacr ylate by organolithiumcompounds P07] is kinetically complex and yields polydisperse polyme r. Much of thi s complexity is the result of reaction of the organolithium reagents with the carbonyl group. Monodisperse poly(methyl methacrylate) has been prepared in te trahydrofuran at -7S °C by sodium biphe nyl initiation [lOS] . The susceptibility of thi s monomer to electron transfe r initiation was described earlier [109,1l0]. 
